ABSTRACT: Piscirickettsia salmonis is a pathogenic bacterial agent causing septicaemic disease in salmon. Since its isolation in Chile in 1989, P. salmonis has continually produced high mortality rates in salmon farms. Little information exists regarding the mechanisms of vertical transmission of this pathogen. Experimental vertical transmission was established in the present study by inoculation of male and female rainbow trout broodstock with P. salmonis. The bacterium was subsequently detected using indirect immunofluorescence in milt and coelomic fluid of the majority of inoculated broodstock (14/15). Bacteria were detected in the fry when 1 or both parents were inoculated, although none of the infected fry presented signs of the disease. P. salmonis was also detected in progeny obtained through fertilisation ova from non-inoculated females incubated in a medium containing a bacterial suspension, demonstrating transmission during the process of fertilisation. Ova infected in vitro were examined at sample periods from 30 s to 60 min using scanning electron microscopy. This demonstrated that the bacterium attaches to the ova by means of membrane extensions, structures which we have called 'piscirickettsial attachment complex' (PAC) and which would allow later penetration into the ovum.
INTRODUCTION
Piscirickettsiosis is a septicaemic disease that has been reported from seawater salmon farms around the world (Fryer et al. 1990 , Cvitanich et al. 1991 , Grant et al. 1996 , Olsen et al. 1997 , Palmer et al. 1997 , Jones et al. 1998 . In Chile, the disease has caused serious economic losses due to high mortality rates and the elevated cost of treatment. It is caused by the bacterium Piscirickettsia salmonis (Fryer et al. 1992) , which was first isolated in 1989 (Fryer et al. 1990) .
Mechanisms for the transmission of Piscirickettsia salmonis are not well established. Smith et al. (1999) demonstrated experimental penetration of the bacterium through macroscopically intact skin and gills, producing mortality as well as macroscopic and histopathological lesions. Nonetheless, the mode of entry of P. salmonis through these routes is not known. In reference to the vertical transmission of the agent, Larenas et al. (1996b) demonstrated that P. salmonis can be transmitted experimentally from either male or female rainbow trout Oncorhynchus mykiss broodstock to their progeny. The agent was detected in 'eye stage' ova, but the persistence of the bacterium to later stages of development was not established. As P. salmonis was observed in large numbers in both coelomic and seminal fluids, we postulated that it would penetrate the ova during fertilisation. That hypothesis was tested in this study by experimentally infecting rainbow trout broodstock and examining the progeny of these fish as they progressed from ova to fry and alevin stages.
MATERIALS AND METHODS
Fish. Rainbow trout Oncorhynchus mykiss broodstock (ca. 2000 g) (n = 30) were obtained from a fish farm located in an area where piscirickettsiosis has never been described (Fifth Region, Chile). Five fish from the farm were sampled to determine the initial infection status of the group. These fish were euthanized by anaesthetic overdose (benzocaina, Veterquímica) to perform necropsies, during which renal tissue-smears were evaluated using indirect immunofluorescence techniques (IFAT) to detect Renibacterium salmoninarum (BKD-Fluoro Test, BiosChile) and Piscirickettsia salmonis, the latter according to a method described by Lannan et al. (1991) and modified by Larenas et al. (1996a) . Samples for bacteriology and virology were also obtained using standard techniques. Anti-P. salmonis antibodies were kindly provided by Dr. John Fryer of Oregon State University, USA. The remaining fish were maintained in 2500 l plastic tanks in an experimental unit belonging to the Departamento de Patología Animal of the Facultad de Ciencias Veterinarias y Pecuarias, University of Chile (Santiago). Filtered and chlorine-free potable water flowed constantly into the tanks (1 l min -1 ). Outflow of water was chlorinated (5 ppm) and treated with UV light. Each tank was continuously supplied with air using a system of independent pumps (ca. 8 mg l -1 ). The fish were fed a commercially available pelleted food twice daily.
Piscirickettsia salmonis. Strain LF-89 (ATCC[R] VR 1361) (Fryer et al. 1992 ) was used to inoculate all experimental animals and ova. The bacteria was maintained and multiplied in the cell line CHSE-214 (ATCC CRL 1681) without antibiotics (Lannan et al. 1984) , according to the methodology established by Fryer et al. (1990) . The microorganism was utilised once a cytopathic effect close to 100% was observed. The supernatant was titered by endpoint dilution on microplates. Final titers were calculated using the technique of Reed & Muench (1938) .
Experimental design. Eight males and 7 females were inoculated intraperitoneally (IP) with 0.2 ml of a suspension containing 10 5.5 TCID 50 ml -1 of Piscirickettsia salmonis Strain LF-89. Another group of 5 males and 5 females were not inoculated to obtain gametes free of P. salmonis. Gametes were collected for in vitro fertilisation by manual stripping at approximately 60 d post-inoculation (PI). After spawning the fish were euthanized for detection of P. salmonis.
Ova from all inoculated females (F+) were combined in a plastic container to create a gamete pool. Ova from non-inoculated females (F-), and milt from both inoculated and non-inoculated males (M+ and M-) were pooled in the same way. Each gamete pool was divided into equal parts to carry out cross fertilisation (Table 1) .
Ova were artificially fertilised by the dry method, in which ova were mixed with milt and allowed to rest for a period of 15 min before placing them in an incubator tray with running water.
A third group of ova from the pool of F-broodstock was fertilised with milt from the M-pool. Immediately after the mixing, 30 ml of a cell culture suspension of Piscirickettsia salmonis (10 6.2 TCID 50 ml -1
) were added to the mixture and incubated for 15 min (M-F-[+]). These crosses created 5 different groups of fertilised ova ( Table 1 ). The 5 groups were incubated separately on mesh baskets in 150 l rectangular plastic tanks, supplied with air and a continuous and independent flow of water at 9°C and a rate of 1 l min -1 tank -1 . Detection of Piscirickettsia salmonis in adults. Adult fish were euthanized and the following samples were taken: renal tissue and coelomic and seminal fluids. Smears of tissue and fluids were evaluated using IFAT to detect Renibacterium salmoninarum and P. salmonis. Samples for bacteriology and virology were also obtained using standard techniques.
Detection of Piscirickettsia salmonis in fry. After incubating until hatching at 321 Accumulated Thermic Units, 25 sac fry (ca. 0.1 g) were selected randomly from each group and processed individually. Each was euthanized with benzocaine and then ground, filtered (5 µm Millipore filter) and centrifuged. Two smears were obtained from each resulting pellet, and were fixed with methanol for 3 min. Another sample of 25 fry was taken from each group when they reached an approximate weight of 1 g, from which renal tissue smears were obtained. All samples obtained were analysed using immunofluorescent techniques as previously described.
Detection of Piscirickettsia salmonis in ova. Ova were obtained from a female not inoculated with P. ) for 30 s. The medium containing the agent was previously filtered through 5 µm Millipore filters. This procedure was repeated for periods of 45 s and for 1, 5, 10, 30 and 60 min. Another sample of ova (n = 2) was placed in the bacterial suspension with 300 µl of milt from a non-inoculated male for the same periods described above. Immediately after incubation, all ova samples were fixed in 3% glutaraldehyde (Sigma) in 0.1 M sodium cacodylate for 24 h, dehydrated in acetone, dried to critical point, and covered with 20 nm of gold. Two ova were available for each time period studied: 1 intact ovum with chorion or external membrane, and 1 in which the external membrane was surgically excised immediately after fixation. All samples were done in duplicate.
The ova were examined under a Tesla 343 scanning electron microscope operated at 20 kV. The images obtained were analysed using an image processing software (WinTip, v. 3.1a) . Ova from the same female but not incubated in the Piscirickettsia salmonis suspension were used as negative controls.
RESULTS

Vertical transmission
No mortality, clinical signs of disease, or macroscopic lesions of piscirickettsiosis were observed in either inoculated broodstock or non-inoculated controls. Piscirickettsia salmonis was detected from renal tissue smears in 6 of 8 males (75%), and 6 of 7 females (85.7%) by IFAT (Table 2 ). In these same fish, milt smears were positive in 7 of 8 males (87.5%), and smears from coelomic fluid were positive in all inoculated females (7/7).
In the 3 groups of fry created from crosses where 1 or more parents were inoculated, detection of Piscirickettsia salmonis varied from 16 to 24% (Table 3 ). The bacterium was also detected in 28% of the fry created by incubating gametes from negative parents with P. salmonis (M-F-[+] ). When progeny of these crosses were tested later, when fry were approximately 1 g, the percent of fish positive in each group ranged from 12 to 16% (Table 3 ).
In vitro attachment study
Scanning electron microscope images show that at 45 s after initial contact of ova with the bacteria, Piscirickettsia salmonis was attached to the surface of the ova by means of pseudopod-like extensions that apparently reached from the external membrane of the bacteria to the chorion of the ovum (Fig. 1) . We have named these extensions 'piscirickettsial attachment complex' (PAC). These structures had a maximum length of 2.5 µm. Extensions were also observed to exist between microorganisms, forming a honeycomblike structure. These attachments were seen even during the last time period (60 min) (Fig. 2) . At 1 min, some P. salmonis cells were observed penetrating the interior of the ova through the chorion (Fig. 3) . No PAC structures were observed in these microorganisms. After 5 min exposure, the bacteria without PAC could be visualised inside the ova (Fig. 4) .
DISCUSSION
In the present study, vertical transmission to alevins M-F-M+F-M-F+ M+F+ M-F-(+) (n = 25) (n = 25) (n = 25) (n = 25) (n = 25) Alevin 0 6 (24%) 4 (16%) 5 (20%) 7 (28%) 1 g fingerling 0 3 (12%) 4 (16%) 4 (16%) 4 (16%) Alevins were analysed by grinding and filtering of whole fish. Fingerlings correspond to testing of kidney smears. The M-F-group of ova was obtained by experimental inoculation of P. salmonis during fertilisation. In total, 30 ml of a suspension of P. salmonis with a titer of 10 6.2 DICT ml -1 were added to a group of 600 ova was established through experimental infection of rainbow trout broodstock. Using scanning electron microscopy, it was observed that the bacterium attaches to the ova by means of extensions similar to multiple podosomes, which probably allowed it to adhere to and then penetrate the ovum during fertilisation.
In the present study, none of the broodstock presented signs or lesions of the disease, although a high concentration of bacteria was inoculated. This is consistent with previous observations (Larenas et al. 1996b ) where male and female rainbow trout broodstock were inoculated. To date there is no record of clinical piscirickettsiosis in adult salmon under natural conditions, although individuals may test positive by kidney IFAT (Larenas et al. 1999) . This leads to the supposition that although adult salmon (or broodstock) may be less susceptible to clinical disease, they may be asymptomatic carriers of the agent. In a previous experimental study, Larenas et al. (1996b) demonstrated Piscirickettsia salmonis infection of eyed-stage ova from male and/or female broodstock previously inoculated intraperitoneally with the agent. This suggested that infections in both male and females could result in infected progeny. In that study, the experiment was terminated prior to hatching or alevin development, so the viability of the infected progeny could not be determined.
Alternatively, studies carried out in naturally infected coho broodstock (Larenas et al. 1999 ) have confirmed the importance of the male in vertical transmission. In that study, Piscirickettsia salmonis was detected by means of IFAT in eyed-stage ova (6 to 20%), alevin (6 to 13%), and 1.2 g fingerlings (2 to 4%). However, clinical disease was not observed and there was no difference in mortality compared to the negative control groups. These results support the hypothesis that fish, which are infected by the vertical route, become asymptomatic carriers of the disease. It is not known whether these fish will display signs of clinical disease upon a subsequent exposure to the agent, or whether they will be refractory to infection.
The fertilisation of gametes from non-inoculated broodstock in the presence of Piscirickettsia salmonis was carried out to establish the importance of ovarian and seminal fluids in the transmission of the disease. The presence of infected progeny at 2 different developmental stages (alevin and 1 g fingerling) shows that the bacteria in the suspension could enter the ova during fertilisation. In recent work at our lab (unpubl.), P. salmonis was demonstrated in coelomic and seminal fluids from rainbow trout and coho salmon broodstock belonging to a hatchery in the south of Chile. Furthermore, the progeny originating from the positive coho salmon broodstock were positive to the presence of the bacteria detected by IFAT and isolation in cell culture . However, it is not possible to discard the possibility that infection occurred in the female prior to fertilisation.
In the present work, the presence of Piscirickettsia salmonis in progeny of non-inoculated females and positive males indicates that milt was a contributing factor to infection as Piscirickettsia salmonis was detected in seminal fluid from 7 out of 8 males used at spawning, supporting the hypothesis that this is an important route of transmission.
Examination of ova incubated with Piscirickettsia salmonis by scanning electron microscopy shows that the bacteria can adhere to the ovum by means of extensions that probably originate from the external membrane of the bacteria. These extensions, which we have termed the 'piscirickettsial attachment complex' (PAC), attach quickly to the chorion of the ovum. These extensions also link the bacteria themselves. This phenomenon was observed as early as 45 s after exposure time. Lannan & Fryer (1994) have shown in vitro that the agent survives only a few seconds in freshwater; thus, when natural fertilisation occurs in freshwater, the agent must have a strategy that will allow its rapid entry into susceptible ova, which would offer it a protected and adequate environment for survival. The present results serve to corroborate this idea, as bacteria were observed within ova as early as 5 min postinfection.
The presence of extensions or podosomes has not been described previously, nor are there records of any similar investigation having been carried out previously for other microorganisms. Smith et al. (1999) established that Piscirickettsia salmonis can penetrate intact skin and gills of rainbow trout. It is possible that the mechanism described in this study may be the mode of entry through intact epithelia of salmonid fish during both natural and experimental infections. Evelyn et al. (1986) infected ova by immersing them in ovarian fluid containing high concentrations of Renibacterium salmoninarum, suggesting that transmission may occur during ovulation, when ova come in contact with contaminated ovarian fluid. Infection of ova apparently occurs through the micropyle (Bruno & Munro 1986 ). This mode of infection would be favoured when the numbers of bacteria in the fluid are high. There is also evidence that infection may take place during oogenesis (Lee & Evelyn 1989) . As there is currently no evidence that males transmit R. salmoninarum through milt, control strategies are limited to females (Fryer & Lannan 1993) . Yousif et al. (1994) reported that susceptibility to egg lysozyme affects the capacity of bacteria to survive with the ova. Thus, Renibacterium salmoninarum (Yousif et al. 1994) and Flavobacterium psychrophilum (Kumagai et al. 2000) are resistant to the enzyme. Although Piscirickettsia salmonis was transmitted vertically in the present study, the mechanisms which allow for its survival within the ovum are unknown.
The results support the hypothesis of vertical transmission for Piscirickettsia salmonis and also demonstrate that broodstock tested negative by IFAT examination of renal tissue smears, which proved to be positive when their reproductive fluids were analysed. Therefore to control piscirickettsiosis, diagnosis should be carried out from samples of seminal and ovarian fluids as well as renal tissue to ensure the negative status of broodstock.
In conclusion, the present study suggests vertical transmission of Piscirickettsia salmonis, as well as the importance of the male in this process. The capacity of P. salmonis to adhere to ova, allowing its entry, was also demonstrated, suggesting a possible mechanism for vertical transmission.
